Abstract This study applies the soil and water assessment tool (SWAT), with climate (precipitation and temperature) outputs from four general circulation models (GCMs) and a regional circulation model (PRECIS), to evaluate (1) the impacts of climate change on reservoir sedimentation and (2) the impacts of climate change and reservoir development on sediment outflow in the Nam Ou River Basin located in northern Laos. Three reservoirdensity scenarios, namely one reservoir (1R), three reservoirs in series (3R), and five reservoirs in series (5R), were evaluated for both no climate change and climate change conditions. The results show that under no climate change conditions, by 2070, around 17, 14, and 15% of the existing reservoir storage volume in the basin will be lost for 1R, 3R, and 5R scenarios, Climatic Change (2018) respectively. Notably, under climate change scenario with highest changes in erosion and sediment outflux from the basin, the additional reduction in reservoir storage capacity due to sedimentation is estimated to be nearly 26% for 1R, 21% for 3R, and 23% for 5R. Climate change alone is projected to change annual sediment outflux from the basin by −20 to 151%. In contrast, the development of reservoirs in the basin will reduce the annual sediment outflux from the basin varying from 44 to 80% for 1R, 44-81% for 3R, and 66-89% for 5R, considering climate change. In conclusion, climate change is expected to increase the sediment yield of the Nam Ou Basin, resulting in faster reduction of the reservoir's storage capacity. Sediment yield from the Nam Ou River Basin is likely to decrease significantly due to the trapping of sediment by planned reservoirs. The impact of reservoirs is much more significant than the impact of climate change on the sediment outflow of the basin. Hence, it is necessary to investigate appropriate reservoir sediment management strategies.
Introduction
Climate change, caused by human activities (e.g., increasing greenhouse gas emissions), is likely to increase the global mean atmospheric temperature by 1.8 to 4.0°C by the end of the twenty-first century (IPCC 2007) . This rise in temperature is expected to increase evapotranspiration and change precipitation patterns (Hu et al. 2013) , which, in turn, will affect the hydrological regimes of several river systems (Lu 2005) . It is widely acknowledged that climate change can significantly affect stream flow and sediment flux (Shrestha et al. 2013) . Changes in temperature and rainfall can affect the rate of soil erosion and sediment transport capacity of a river, which influences the sediment flux in that river. Thus, it is of great importance to understand the impact of climate change on hydrology and sediment. In contrast, reservoir construction probably casts the most significant influence on land-ocean sediment fluxes (Walling and Fang 2003) . Dams and reservoirs not only hold water but also large quantities of sediment because of reduced riverine carrying capacity (Xue et al. 2011) . Around 70% of the world's rivers are intercepted by large reservoirs (Kummu and Varis 2007) and half of them have a local sediment trapping efficiency of 80% or more (Vӧrӧsmarty et al. 2003) . It is also estimated that 1% of the existing storage volume of reservoirs in the world is lost each year due to sedimentation (Kummu and Varis 2007) . The trapping of sediment by reservoirs not only changes the natural sediment fluxes but also influences the overall morphology and ecosystem of the river (Kummu et al. 2010) . The benefits, lifespan, and the sustainability of a reservoir are controlled by sedimentation (Wisser et al. 2013) , which can be significantly influenced by climate change induced changes in sediment erosion and transport (Shrestha et al. 2013) . Therefore, there is a need to better understand the implications of climate change on reservoir sedimentation.
The Mekong River Basin covers parts of China, Thailand, Laos, Cambodia, Vietnam, and Myanmar, and drains an area of 795,000 km 2 (Mekong River Commission 2005) . In addition to uncertainties due to ongoing and future climate change, the basin is currently facing other challenges too: the population is growing, urban sectors are expanding, and economies of the riparian countries are developing rapidly (Keskinen 2008) . Additionally, extensive plans are underway to build reservoirs in the tributaries as well as in the mainstream areas within the riparian countries of the basin (Mekong River Commission 2008) . In the next few decades, approximately 200 dams with a total power production capacity of around 25,700 Megawatts (MW) are likely to be built in the Mekong Basin (Xue et al. 2011 ). In such a situation, the negative impacts of dam construction cannot be overlooked: dam construction mainly alters water flow and sediment load, both of which can have severe impacts on the environment and the livelihoods of the rural Mekong population (Kuenzer et al. 2012 ).
There are a number of studies on sediment-related impacts due to existing and planned reservoirs in the Mekong River Basin (such as Lu and Siew 2006; Kummu and Varis 2007; Xue et al. 2011 ). Most of the previous studies, however, focused on the Yunnan cascade of dams in the Upper Mekong or in Lancang in China. Kummu et al. (2010) estimated the sediment trapped by the existing and planned reservoirs across the entire Mekong, including the Nam Ou Basin, but did not investigate how the downstream is impacted by the alteration of sediment fluxes caused by reservoirs and how sediment scenarios may change in the future. Some studies have focused on the implications of climate change on the sediment yield of the Mekong River Basin. For instance, Shrestha et al. (2013) assessed the impact of climate change on the sediment yield of the Nam Ou Basin and reported significant changes in sediment outflow. It is also crucial that the impact of dams on sediment load be disentangled from the impacts caused by land use changes as well as by changes in hydrological regimes and climate (Kuenzer et al. 2012) . This is a difficult endeavor (Wang et al. 2011) , although Lauri et al. (2012) concluded that the impacts of reservoir operations on river discharge are larger than the effects of climate change. Further, there is still limited knowledge about the implications of climate change on reservoir sedimentation and the combined effects of climate change and reservoirs on the sediment yield in the Mekong River Basin. It is imperative that planners and decision makers have access to all the information on sediment related implications of climate change and reservoir development which can be taken into account for the designs of new dams and their sediment management plans. Hence, this study aimed to (1) investigate the impacts of climate change on the life of reservoirs in the basin due to changes in sediment yield, and (2) assess the impact of future climatic conditions and reservoir development on sediment outflow. We use the Nam Ou River Basin in the Mekong River Basin as our case basin because it is a major contributing source of sediment in the Lower Mekong Basin (Kummu et al. 2010 ) and seven dams, in a series, have been planned for the basin.
A better quantitative understanding of the potential changes in catchment hydrology due to climate change is complicated by several sources of uncertainty linked to climate change (Minville et al. 2008) . In most studies, general circulation models (GCMs) tend to contribute more to the uncertainties than the downscaling methods or the hydrologic models do (Chen et al. 2011) . Hence, in this study we used three greenhouse gas emission scenarios (GHGES) and four GCMs that were found to perform well in the Mekong region (Eastham et al. 2008; Cai et al. 2009) , and a regional climate model (RCM) to provide a range of possible future climatic conditions, each of which were then studied for their impact on the sediment yield of the basin.
Materials and methods

Study area
The Nam Ou River is a major tributary system of the Mekong River Basin. It has a basin area of 26,181 km 2 , which is about 3% of the Mekong River's Basin. The Nam Ou Basin lies within 21°17′ 17″ -22°30′ 40″ N and 101°45′ 47″ -103°11′ 57″ E and is located in the northern part of the Lao People's Democratic Republic (Fig. 1) (Kummu et al. 2010) . The mean annual temperature ranges from 20 to 26°C. The basin receives about 1700 mm rainfall annually, of which about 80% falls during the wet season (May to October). Sandy clay loam is the predominant soil texture in the basin. The land cover in this river basin is predominantly woods and shrub land, and this land cover occupies nearly 62% of the total area.
According to the sediment load calculations by Kummu et al. (2010) , besides Lancang Basin (which contributes 65% of the Mekong's total sediment), the majority of the lower Mekong sediment originates from the Nam Ou and the 3S (Se Kong, Se San, and Sre Pok) basins. Besides the Lancang Cascade in the Upper Mekong, extensive dam constructions are planned in the Nam Ou and the 3S basins in the Lower Mekong. Nam Ou is a tributary system which can be developed to export power to China and the hydrology of this basin is perhaps the most natural and undisturbed in all of the Lower Mekong Basin (Mekong River Commission 2005) . Under the Mekong River Commission's 20-year hydropower development plan for the tributaries, a total of 4661 MW is expected from the Lao tributaries. Out of the abovementioned power generation, about 25% is planned to be generated from Nam Ou, with 7 dams in series ( Fig. 1 and Table 1) whose total live storage capacity will be 1547 MCM and nearly 75% of this live storage comes from one reservoir (Nam Ou 7). 
General circulation models
For this study, four GCMs were selected on the basis of their performance in simulating precipitation in the twentieth century in Southeast Asia (Eastham et al. 2008; Cai et al. 2009 ). The chosen GCMs are the Canadian climate model (CCCMA CGCM3.1), the French climate model (CNRM-CM3), the European climate model (MPI ECHAM5), and the American climate model (NCAR CCSM3). For all the GCMs, three available greenhouse gas emission scenarios-namely A2, A1b, and B1-were selected. The selected GCMs were downloaded from the WCRP CMIP3 multi-model database data portal, which is available at http://wwwpcmdi.llnl.gov/ipcc/about_ipcc.php. The spatial resolution of the selected GCMs varies between 1.4 and 3.75°grid cells. Details of these GCMs are provided in the Supplementary Material section (Table S1 ) of this paper.
The regional climate model's outputs
For this study, the PRECIS RCM was used. PRECIS was developed by the Hadley Center of the UK Meteorological Office and is based on the atmospheric components of the ECHAM4 GCM from the Max Planck Institute for Meteorology, Germany. The PRECIS RCM data (resolution of 0.2°× 0.2°), over the periods of 1971-2000 (present) and 2011-2070 (future), for both A2 and B2 scenarios, was downloaded from the Southeast Asian START Regional Center website (http://www.start.or.th/). The PRECIS RCM was chosen for this study because it is also being used by the Mekong River Commission for climate change studies and this RCM covers the entire Mekong River Basin with 2225 grid cells.
In this study, the change factor or delta change approach was applied to downscale the GCMs'/RCM's data (i.e., temperature and precipitation), because it is a simple method to implement and it requires information from the GCMs/RCMs at the monthly time scale. This method modifies the observed historical time series by adding the difference between the future and actual climate as simulated by the GCM or RCM (Minville et al. 2008) . The delta change method was applied for a 30-year series centered over the years 2030 (2011-2040) and 2060 (2041-2070) . The change factors were calculated for each month at each time period (2011-2040 and 2041-2070) . The monthly change factors were used to modify the daily time series needed for hydrological modeling. The observational database used for this approach covers the period of 1981-2000 for both, temperature and precipitation, in this study.
Hydrological and sediment model
The soil and water assessment tool (SWAT) (Arnold et al. 1993 ) has been used to simulate flows and sediment in the Nam Ou Basin because it is one of the most widely used catchment modeling tools, applied extensively for a broad range of hydrological and/or environmental problems (Gassman et al. 2014) . SWAT is a river basin or catchment scale, semi-distributed, process-based, continuous time hydrological and water quality model. SWAT subdivides a catchment into different sub-basins connected by a stream network, and further into hydrological response units (HRUs). HRUs are the lumped land areas within the sub-basin that are comprised of unique land cover, soil, slope, and management combinations. Flow, sediment, nutrient, and pesticide loadings from each HRU are lumped and the resulting loads are routed through streams and reservoirs within the catchment. Details of the SWAT model are provided in the Supplementary Material section. The main input data for the SWAT model consists of daily precipitation, maximum and minimum air temperatures, wind speed, humidity, solar radiation, spatial data on DEM, land use and soil layers, and data on reservoir characteristics. The characteristics of planned reservoirs in the study area are presented in Table 1 . River discharge and suspended sediment yield were used for calibration and validation purposes. All these datasets were obtained from the MRC Secretariat, Phnom Penh, Cambodia.
Model calibration, validation, and evaluation
The Nam Ou SWAT model was calibrated for both streamflow and sediment, but validated only for streamflow. Streamflow was calibrated for 1992-1999 and validated for 2000-2003, including 2 years as the warm-up period. The period of 1996-2002 was used for sediment load calibration due to the sporadic nature of the data (only 176 measurements in 7 years). The model was not validated for sediment load due to lack of validation dataset. For streamflow, calibration was carried out both manually and automatically, while for sediment, only manual calibration was performed. The SWAT-CUP software (Abbaspour 2008 ) was used for the automatic calibration of the Nam Ou SWAT model using the Sequential Uncertainty Fitting (SUFI-2) algorithm (Abbaspour et al. 2004 (Abbaspour et al. , 2007 . The automatic calibration mode in SUFI-2 requires specifications of the parameters that are to be calibrated (most sensitive ones) and their initial values and ranges. Details of calibrated parameters and their fitted values are presented in the Supplementary Material section (Table S2) . Manual calibration was done to specify more realistic initial values and ranges for the parameters, and it was followed by further refinement through the automatic procedure. For sediment, automatic calibration could not improve the overall performance that was obtained manually. The study by Abbaspour et al. (2007) outlines the details of the SUFI-2 automatic calibration procedure. The model's performance was evaluated using the coefficient of determinant (R2), the Nash-Sutcliffe (NS) measure (Nash and Sutcliffe 1970) , and Percent Bias (PBIAS). Several researchers, such as Santhi et al. (2001) and Benaman et al. (2005) , have suggested that the prediction efficiency of a calibrated model can be judged as satisfactory if NS and R2 values are >0.6 for mean behavior and the PBIAS value <15%.
Scenarios
The calibrated model was used to evaluate the impact of future climatic conditions and reservoir development on the sediment yield of the studied basin. The model was simulated for 60 years . Table 2 presents the various scenarios used in this study. The climate change scenario without reservoirs (CC) was simulated for all the climate models (GCMs/RCM) and GHGES. Three reservoir-density scenarios (1R, 3R, and 5R) were simulated for no climate change conditions and climate change conditions. 1R is a one reservoir scenario, with a total reservoir storage capacity of 1469 million cubic meters (MCM); 3R is a three reservoirs in series scenario, with a total reservoir storage capacity of 2208 MCM; and 5R is a five reservoirs in series scenario, with a total reservoir storage capacity of 2400 MCM. Since there was no clear information on when these reservoirs will be commissioned for the basin, the commissioning year had to be hypothesized for the study. These scenarios were developed to capture the separate and combined effects of dam development and climate change on the sediment outflow of the basin.
Impact assessment of climate change and reservoir development
The impacts of climate change and reservoir development on sediment flow have been expressed by annual sediment budget estimates. In this study, the sediment budget was defined using three components: erosion (Er), total sediment deposition (Sd), and sediment outflux (So) from the basin at Muong Ngoy. The sediment budget at the Muong Ngoy station is described by the following equation:
The total sediment deposition consists of two components: sediment trapped by reservoirs, and sediment deposited in a tributary and a catchment. The values for So, Er, and sediment trapped by a reservoir were obtained from the model while Sd was calculated using Eq. 1.
Results and discussion
Changes in climate
In general, all the projections show an increase in seasonal as well as annual temperatures in the basin; however, the projected changes in precipitation are not unidirectional and vary depending on the GHGES, climate models, the time period and the season (Shrestha et al. 2013) . The projected seasonal temperature shift varies from 0 to 2.07°C for 2011-2040 to 1.26 to 3.00°C for 2041-2070, depending on the season, GHGES, and the climate model. For observed in the seasonal as well as monthly patterns of temperature and precipitation changes depending on the GHGES and the climate model. However, the variability between climate models for a given scenario is larger than the variability between the GHGES for that model (Shrestha et al. 2013 ).
Model calibration and validation
The Nam Ou SWAT model simulated the streamflow with reasonable accuracy, as is indicated by the values of R 2 and NS being greater than 0.6 and PBIAS being less than 15% for both, the calibration and validation periods. In the case of sediment yield, the R 2 and NS values were less than 0.6. However, the PBIAS value of 4.18% indicated a good volume balance between simulated and observed sediment loads. Overall, the model was not able to capture the extremes as well as it did the mean values during the wet season. However, the model was able to capture the average system's behavior reasonably well and this is most relevant for this study. This is expressed through the parameter PBIAS. Overall, the above results indicated that the SWAT model could be applied for a reasonable assessment of the impacts of climate change and reservoir development on sediment outflow in the basin. Readers may refer to Shrestha et al. (2013) for more details.
Impact of climate change on reservoir sedimentation
Figure 2 presents the amount of sediment trapped and the resultant decrease in the reservoir's capacity for the three different scenarios (1R, 3R and 5R) under various GHGES, climate models, and the no climate change case. Here, we used the total reservoir storage, which means that dead storage was also included in the analysis. In order to calculate the volume of sediment trapped a bulk density of 1.46 tons/m 3 was used based on the dominant soil type. Lara and Pemberton (1963) , based on a study of more than a hundred reservoir sites, suggested that 1.1-1.5 tons/m 3 is a reasonable range for the density of reservoir sediment deposits. The volume of a reservoir's storage capacity lost due to the volume occupied by settled sediment mass also depends on the extent to which the sediment is continuously submerged in water and on compaction processes (Wild and Loucks 2014), which were not considered in this study. By the end of 2070, around 17, 14, and 15% of the existing reservoir storage volume in the basin is estimated to be lost under 1R, 3R, and 5R scenarios, respectively, in the case of no change in climate. This signifies that around 0.2-0.3% of the existing storage volume will be lost each year. By 2070, the reduction in reservoir storage capacity due to sedimentation ranges from 13-45%, 11-36%, and 12-39% for 1R, 3R, and 5R scenarios, respectively, depending on the climate model. The results indicate that larger uncertainties exist in all the projected sediment trappings and reduced reservoir capacities due to differences among the climate models' projections. The plots also indicated that inter-model variability increases with the time period. This uncertainty is due to significant variability in projected future sediment yield of the Nam Ou Basin (Table 3) . It is interesting to note that although the uncertainty is high, in general, the storage volume of the reservoirs reduces faster in the scenarios with climate change than without. For instance, by 2070, the additional reduction in reservoir storage capacity due to extreme climate change (CGCM3.1 GCM under the A1b emission scenario) is estimated to be about 26%, 21%, and 23% for 1R, 3R, and 5R scenarios respectively (Fig. 3) . The extreme climate change refers to climate scenario which resulted highest changes in erosion and sediment outflux from the basin. The reduction in storage capacity, considering climate change, can be significant in the cost-benefit ratio of hydropower plans. Excessive sediment trapping and sedimentation reduces the life and sustainability of a dam. It is also problematic from the perspective of dam operations and energy production (Arias et al. 2011) . Hence, dam designers and planners should take climate change into account when designing and operating the dams. 3.4 Impact of climate change and reservoir development on sediment outflow Table 3 presents sediment budget estimates for the various scenarios considered in this study. The changes in annual sediment outflux from the basin due to climate change range from a 151% increase to a 20% decrease during the 60-year time period , depending upon the GHGES and the climate model. The results indicate that all the projections, except those of the CNRM-CM3 model, show an increase in all the components of the sediment budget; however, the variations in simulated components among the climate models used in this study are significant, which causes a high uncertainty in the direction of change due to climate change. In contrast, the simulation results show that the commission of reservoirs in the basin reduces sediment outflux from the basin due to increased total sediment deposition. The decrease in annual sediment outflux from the basin varies from 44 to 80% for scenario 1R (one reservoir scenario), 44-81% for scenario 3R (three reservoirs in series scenario) and 66- 2016 -2020 2021 -2025 2026 -2030 2031 -2035 2036 -2040 2041 -2045 2046 -2050 2051 -2055 2056 -2060 2061 -2065 2066 -2070 Additional reduction in reservoir storage capacity due to extreme climate change (%) 1R 3R 5R Fig. 3 Addition reduction in reservoir storage capacity every five years interval due to extreme climate change (CGCM3.1 GCM under A2 emission scenario) for various reservoir-density scenarios. The extreme climate change refers to climate scenario which resulted highest changes in erosion and sediment outflux from the basin 89% for scenario 5R (five reservoirs in series scenario), depending on the GHGES and climate models. For various GHGES and climate models, increases in sediment deposition in the basin are projected to vary from 8 to 339% for scenarios 1R and 3R, respectively, and from 13 to 353% for the scenario 5R. These results clearly imply that the construction of reservoirs on the Nam Ou River Basin can decrease the sediment outflow of the basin. The reduced sediment outflux and increased total sediment deposition in the basin due to reservoir construction are often attributed to the trapping of sediment by reservoirs. It must also be noted that sediment trapping due to reservoir development is likely to have significant implications for the ecology and river morphology of the Nam Ou Basin (Arias et al. 2011) . Because of reservoirs trapping sediment, dams interrupt the continuity of sediment transport through rivers, resulting in loss of reservoir storage and reduced usable life, while also depriving the downstream reaches of the sediment essential for channel formation and aquatic habitats (Kondolf et al. 2014) .
Increasing the number of reservoirs downstream increases the trapping of sediment by reservoirs; however, it is also evident from the results that the changes in annual sediment outflux and total sediment deposition is not as significant when compared between the scenarios with planned reservoirs. It is interesting to note that the influence of the uppermost reservoir, i.e., Nam Ou 7 (Fig. 1) , on sediment outflow is more as compared to the lower dams. This is due to the location of the reservoir in a sub-basin with high sediment yield (Fig. 4) and its size (Table 1) . Shrestha et al. (2013) reported that the range of change in mean annual sediment outflow is higher in the upstream dams of the area and it reduces as it moves downstream, which may be due to variations in the rate of change of rainfall and soil loss from sub-basin to sub-basin. Our results suggest that the Nam Ou 7 reservoir traps larger amounts of sediment, as compared to the downstream reservoirs. For instance, for scenario 3R without climate change, the Nam Ou 7 alone traps 6.3 × 10 6 tons/year which is nearly 80% of the total annual sediment trapped by the three reservoirs (i.e., 7.9 × 10 6 tons) (Table 3) . Trapping in downstream dams is influenced by what gets trapped upstream, which was also highlighted by Kummu and Varis (2007) .
In general, sediment outflow from the Nam Ou Basin is likely to decrease significantly due to the planned reservoirs that will trap sediment. The construction of reservoirs will also alter sediment deposition in the basin. The impact of these reservoirs is much more significant than the impact of climate change on sediment outflow in the basin. The current simulations of climate and hydrology are based on the assumption that land use and land cover (LULC) does not change. LULC changes can affect the catchment erosion and sediment production. Recent study by Rodriguez-Lloveras et al. (2016) has also concluded that land use changes are the most critical factor affecting erosion and sediment production. Hence, it is essential to examine the combined effects of climate change and land use change on the reservoir sedimentation and sediment outflow of the catchment. This knowledge will be instrumental in better sediment management planning.
Conclusions
This study examined the implications of climate-driven changes in sediment yield on the reservoir's sedimentation and assessed the impact of climate change and reservoir development on sediment outflow in the Nam Ou River Basin, which is located in the northern part of Laos.
Simulation results reveal that significant variability exists in the projected values of future sediment yield due to differences among the projections by various climate models (a similar conclusion was also arrived at by Shrestha et al. (2013) ). Under climate change conditions, large uncertainties exist in the estimation of future reservoir sediment trapping and reduced reservoir capacity due to the differences among the various climate models' projections and other sources of uncertainty. Despite this uncertainty, in general, climate change is expected to increase the sediment yield of the Nam Ou Basin, resulting in a more rapid reduction of the Fig. 4 Average annual sediment yield from various sub-basins of the studied basin for present climate and future climates (2041-2070) under various scenarios planned reservoirs' storage capacities. This can be critical for dam operations in the basin and for energy production.
Additionally, the construction of reservoirs will certainly reduce sediment outflow from the basin because sediment will get trapped. This clearly indicates that the impact of reservoirs on the sediment yield of the basin is much higher that the impact of climate change. The reduction in sediment outflux due to sediment getting trapped by the development of new reservoirs is likely to have significant implications for the ecology and river morphology of the Nam Ou Basin.
The results of this study may be valuable for dam designers and planners to reassess the designs and operation of dams and thus to mitigate the effects of climate change. This will be helpful to development professionals, decision makers, and other stakeholders when planning and implementing appropriate reservoir sediment management strategies in the basin. This study did not address the issue of sediment management within hydropower reservoirs; hence, research on appropriate reservoir sediment management strategies and an overall integrated basin approach to sediment management is recommended for reducing the negative impacts of reservoir sedimentation.
